The plane-view high-resolution transmission electron microscopy ͑HRTEM͒ images in ZnO thin films grown on p-Si substrates showed that ͑1010͒ asymmetric grain boundaries with a periodic array of strain contrast features existed in a sparse columnar structure for as-grown ZnO thin films and that ͑1120͒ asymmetric grain boundaries and ͑8513 0͒ symmetric grain boundaries existed in a dense columnar structure for annealed ZnO thin films. The atomic arrangement variations of ͓0001͔-tilt grain boundaries in ZnO thin films grown on Si substrates due to thermal treatment are described on the basis of the HRTEM results. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2732177͔
The growth of ZnO materials has attracted much attention for both scientific and technological reasons.
1-3 The novel physical properties of ZnO thin films and their large exciton binding energies and excellent chemical stabilities 4, 5 have stimulated their potential applications in optoelectronic devices, such as light-emitting diodes, 6 laser diodes, 7 and solar cells. 8 The fabrication of lasers utilizing ZnO thin films and operating at room temperature has been particularly interesting due to their applications in promising optoelectronic devices operating in the ultraviolet region of the spectrum. [9] [10] [11] ZnO / Si heterostructures have become particularly attractive because of the integration of optoelectronic devices due to the large exciton binding energy of the ZnO thin film and the cheapness and the large size of the Si substrate. 12 Since the optical properties of ZnO thin films grown on Si substrates are significantly affected by the microstructural properties related to the grain boundaries of the films, studies concerning the atomic structures of the grain boundaries in ZnO thin films are necessary for improving the efficiencies of optoelectronic devices. Theoretical works on the microstructural properties of ͓0001͔-tilt boundaries in wurtzite structural materials have been extensively performed. [13] [14] [15] [16] [17] [18] [19] [20] [21] However, relatively little experimental work has been done on the atomic structure of ͓0001͔-tilt grain boundaries of materials with a wurtzite structure, such as ZnO [22] [23] [24] and GaN 25 , and studies concerning variations in the atomic arrangements of ͓0001͔-tilt grain boundaries in ZnO thin films grown on Si substrates due to thermal treatment have not yet been performed. Such investigations of the grain boundary variations in ZnO thin films due to thermal treatment are very important for understanding the deterioration of optoelectronic devices fabricated utilizing these films. This letter reports data for atomic arrangement variations of ͓0001͔-tilt grain boundaries due to thermal treatment in ZnO thin films grown on p-Si substrates by using the radiofrequency magnetron sputtering method. Transmission electron microscopy ͑TEM͒ measurements were performed to investigate the microstructural properties of the as-grown and the annealed ZnO thin films. The atomic arrangement variations of ͓0001͔-tilt ZnO gain boundaries due to thermal treatment are described on the basis of high-resolution TEM ͑HRTEM͒ images.
Polycrystalline stoichiometric ZnO with a purity of 99.999% was used as a source target material and was precleaned by repeated sublimation. The carrier concentration of the B-doped p-Si substrates with ͑100͒ orientations used in this experiment was 1 ϫ 10 15 cm −3 . The substrates were degreased in trichloroethylene ͑TCE͒, rinsed in de-ionized water, etched in a mixture of HF and H 2 O ͑1:1͒ at room temperature for 5 min, and rinsed in TCE again. After the Si wafers had been cleaned chemically, they were mounted onto a susceptor in the growth chamber. After the chamber had been evacuated to 8 ϫ 10 −7 Torr, the deposition was done at a substrate temperature of 600°C. Ar gas with a purity of 99.999% was used as the sputtering gas. Prior to ZnO growth, the surface of the ZnO target was polished by Ar + sputtering. The ZnO deposition was done at a system pressure of 0.021 Torr and a radio-frequency power ͑radio frequency= 13.26 MHz͒ of 100 W. The flow-rate ratio of Ar to O 2 was 2, and the growth rate was approximately 1.17 nm/ min.
The TEM measurements were performed using a JEM-ARM1300S transmission electron microscope operating at 1.25 MeV. The samples for the plane-view TEM measurements were prepared by cutting and polishing with diamond paper to a thickness of approximately 30 m and then argonion milling at liquid-nitrogen temperature to electron transparency.
a͒ Author to whom correspondence should be addressed; electronic mail: twk@hanyang.ac.kr Figure 1͑a͒ shows a plane-view HRTEM image around a triple junction in an as-grown ZnO thin film grown on a p-Si ͑100͒ substrate. Because the diffusion rate of the atoms on the as-grown ZnO surface during the growth of the columnar is smaller than their deposition rate, the atoms on the ZnO surface cannot occupy stable positions, resulting in the formation of the sparse columnar structures, as shown in Fig.  1͑a͒ . The grain boundaries between grains 1 and 3 and between grains 2 and 3 are not clearly observed due to the existence of the sparse columnar structures of the as-grown ZnO thin film. The rotation angle between grains 1 and 2, as determined from the fast Fourier transform of the HRTEM image shown in the inset of Fig. 1͑a͒, is 14. 4°. An asymmetric grain boundary with a rotation angle of 14.4°consisting of a periodic array of strain contrast features, which is the ͑1010͒ plane of grain 1, is clearly observed. The histogram obtained by a line scan along the ͑0110͒ plane of grain 1 from the position denoted by A to that denoted by B indicates that the strain contrast features are arrayed periodically with an average distance of 1.19 nm, as shown in Fig. 1͑b͒ .
A schematic diagram of the atomic arrangement of the asymmetric grain boundary with a rotation angle of 14.4°, viewed along the ͓0001͔ direction, is shown in Fig. 2 . The small and the large circles denote Zn and O atoms, respectively. When grain 2 is tilted by 14.4°, the ͑1340͒ plane of grain 2 is almost parallel to the ͑0110͒ plane of grain 1. The angle between the ͑1340͒ and the ͑0110͒ planes, as determined from the theoretical equation, 26 is 13.9°, which is slightly different from the experimental value. Because the ͑hki0͒ plane in the wurtzite structure has a periodic atomic array with a finite distance, grain 2 has a periodic atomic array along the ͑1340͒ plane with a theoretical distance of 1.168 nm. The theoretical distance of the periodic atomic array of 1.168 nm in grain 2 is consistent with that of 8 ϫ d ͑2110͒ = 1.296 nm in grain 1, where d ͑2110͒ is the distance between the ͑2110͒ planes, as shown in Fig. 2 . Because the misfit between the two grain boundaries is 0.0987, grain 1 is under a compressive stress in a direction parallel to the interface, and grain 2 is under a tensile stress in a direction parallel to the interface. Therefore, a periodic array of strain contrast features with an average spacing of approximately 1.2 nm is generated, which is in reasonable agreement with the experimental value of 1.19 nm. Figure 3 shows a plane-view HRTEM image around a triple junction for an annealed ZnO thin film grown on a p-Si ͑100͒ substrate. The HRTEM image shows that the annealed ZnO thin film consists of dense columnar structures because the thermal energy is large enough to provide atomic mobility, resulting in atoms occupying stable positions. The rotation angles of the grain boundaries, as determined from the fast Fourier transform of the HRTEM image, are 19.7°and 15.1°. The asymmetric grain boundary with a rotation angle of 19.7°is composed of the ͑1120͒ plane of grain 1, as indicated by the straight line and the ͕1010͖ facet plane of grain 2, as indicated by the zigzag line. Three lower surface energy planes, ͑0001͒, ͑1120͒, and ͑0110͒, exist in the annealed ZnO thin films, and the corresponding energy densities are 0.099, 0.123, and 0.209 eV/ Å 2 . 27 The more stable grain boundaries in the ͓0001͔-tilt grain boundary for the annealed ZnO film, which consist of the ͕1120͖ and the ͕0110͖ planes, might have been created during thermal annealing. However, even though the existence of the asym- metric tilt grain boundary forms a stable plane, since the asymmetric tilt grain boundary does not contain the most stable grain due to the existence of a distorted atomic structure, the asymmetric tilt grain boundary is metastable. A symmetric tilt grain boundary ͑STGB͒ with a rotation angle of 15.1°was observed between grains 1 and 3. Since the STGBs can be accommodated due to the misorientations resulting from the energy stabilization and the relaxation of the misfits existing between grains, 24 STGBs, which are the most stable grain boundaries, are generated during thermal annealing.
In summary, HRTEM images showed that sparse columnar structures with a ͑0110͒ asymmetric grain boundary with a periodic array of strain contrast features existed in the asgrown ZnO thin film and that dense columnar structures with a ͑1120͒ asymmetric grain boundary and a ͑8513 0͒ symmetric grain boundary, which were more stable grain boundaries, existed in the annealed ZnO thin film. The atomic arrangement variations of the ͓0001͔-tilt grain boundaries in the ZnO thin films due to thermal treatment were described on the basis of the HRTEM images. These results can help improve understanding of the thermal annealing effects on the microstructural properties of ZnO thin films grown on p-Si substrates. 
